Parkinson's disease dementia (PDD) and dementia with Lewy bodies (DLB) are common causes of dementia worldwide. Although considered separate entities based on the relative temporal onset of motor symptoms vs. diagnosis of dementia, it is unknown if these diseases truly have distinct cognitive profiles. We hypothesized that patients divided into PDD and DLB categories strictly by temporal criteria would have different neuropsychological profiles. We investigated this question via neuropsychological testing of PDD and DLB patients at the University of Iowa. We performed retrospective chart analysis and review of neuropsychological testing of clinically diagnosed patients with PDD or DLB, who had presented to University of Iowa's dementia and movement disorder clinics. Forty-seven patients diagnosed by the treating neurologist as PDD or DLB were included. Neuropsychological performance was compared between groups, and as a function of the relative timing of the motor diagnosis vs. diagnosis of dementia. We found that both PDD and DLB patients showed severe deficits in executive function, visual-spatial processing, and verbal learning. However, we found no significant differences in neuropsychological performance between groups, and neuropsychological performance could not reliably account for the relative timing of motor diagnosis vs. diagnosis of dementia. Our data support the idea that DLB and PDD are on a neuropsychological spectrum.
Core diagnostic features of DLB include parkinsonism, visual hallucinations, fluctuations, and rapid eye movement (REM) sleep behavior disorder. These features are also common in PDD, but for this diagnosis, patients need a prior diagnosis of Parkinson's disease (2) . Crucially, if a patient has parkinsonism, PDD vs. DLB can only be clinically distinguished by the relative temporal onset of cognitive vs. motor disease. According to criteria set forth by the consensus report of the Lewy Body Consortium (2), PDD is diagnosed when there is at least a 1-year interval between onset of parkinsonian motor symptoms and diagnosis of dementia. Many clinical studies use more stringent criteria of temporal onset of motor symptoms vs. dementia to separate DLB from PDD, thus the full spectrum of these diseases has rarely been studied. Accordingly, it is unclear if PDD and DLB are really two different diseases affecting distinct cortical circuits and thus separate neuropsychological profiles, or a spectrum of one disease (8) .
We investigated this issue by comparing the neuropsychological profiles of patients diagnosed with PDD or DLB at our clinical center at the University of Iowa. We conducted a retrospective chart analysis of 47 patients with an existing diagnosis of either PDD or DLB based on consensus criteria, who had formal neuropsychological testing as part of their standard workup. We defined PDD or DLB based solely on temporal profiles of date of diagnosis of parkinsonism vs. dementia. If these diseases had distinct neuropsychological profiles: (a) they should have distinct performance on neuropsychological tests and (b) the relative timing of motor diagnosis vs. dementia diagnosis should predict neuropsychological function.
MaTerials anD MeThODs

selection of Patients
Patients who were seen in the Benton Neuropsychology Laboratory, Department of Neurology, University of Iowa Hospitals and Clinics, were screened for use in a retrospective chart review using the diagnoses of PDD or DLB. This study was carried out in accordance with the recommendations of the University of Iowa Institutional Review Board. Initial patient charts were gathered using two methods: (1) all neuropsychological charts from 2005 to 2015 were scanned by keyword search for previously assigned labels (PDD, DLB, Parkinson's disease with dementia, dementia with Lewy bodies, and Lewy body dementia) and (2) all charts from patients presenting to movement disorder clinic during a 1-year interval during 2014-2015 were screened for prior neuropsychological testing, and if present, evidence of the treating physicians diagnosis of either PDD or DLB. Three hundred and ten charts were found with these methods and preliminarily screened for inclusion criteria (diagnosis of DLB or PDD, as well as diagnosis of dementia by neuropsychological testing).
Eighty-two patient charts that had a diagnosis of PDD or DLB were reviewed together by a consensus panel of two neurologists and a neuropsychologist. Patients were included only if they had been diagnosed by the treating neurologist as either PDD or DLB. Patients were excluded if they had evidence of comorbid neurological disease that could potentially explain the dementing illness, including, but not limited to significant vascular disease, traumatic brain injury, or Alzheimer's disease. Patients were also excluded if progressive supranuclear palsy, multiple system atrophy, or other causes of parkinsonism was the most likely diagnosis. 47 patients remained after exclusion criteria were applied.
Neuropsychological evaluation was used for dating the diagnosis of dementia unless prior evidence in the chart suggested a clear earlier date; typically, neuropsychological testing occurred within a few months of clinical referral. All patients had been evaluated by a neurologist, and their neurological evaluation was used for parkinsonism diagnosis. Patient follow-up was determined by the treating physician. Patients who did not have a diagnosis of dementia or any cognitive complaints were excluded from analysis.
Patients were then retrospectively diagnosed with either PDD or DLB according to the temporal criteria outlined by the DLB consortium (2), regardless of other features ( Table 1) . We determined the dates when parkinsonism and dementia were diagnosed by the treating physician or neuropsychologist. The difference (dementia diagnosis date − motor diagnosis date) was considered the cognitive-motor interval (CMI). Patients with a CMI of 1 year or less were diagnosed as DLB based on the 1-year rule recommended for research by the DLB consortium ( Table 1) . For patients without evidence of parkinsonism, the date of diagnosis of DLB by other core symptoms was used (two patients). Of note, these estimates were calculated without considering the neuropsychological profile of each patient.
neuropsychological Measures
Multiple neuropsychological measures were analyzed to assess patients' broad cognitive functioning. Because data were collected retrospectively from a clinical referral, not all participants received each of the possible neuropsychological tests. Tests were only included if they had been administered to at least 60% of patients. Thus, we included data from the following neuropsychological tests.
Attention and Concentration
Measures that test attention and concentration in our study include the Digit Span subtest and the Arithmetic subtest from the Wechsler Adult Intelligence Scale-Third Edition (and other versions) [WAIS-III (9)]; and the Benton Visual Retention Test [BVRT (10) ]. For the WAIS-III Digit Span test, participants are required to repeat a string of digits either forwards (attention) or backwards (concentration). A combined score was used for analysis. During the BVRT, subjects are presented with 10 different designs, each containing one or more figures. Each design is exposed for 10 s, followed by immediate reproduction from memory by the participant. During arithmetic, patients are presented with a series of verbal reasoning/math problems and asked to produce a numerical response without the use of paper and pencil.
Orientation and Anterograde Memory
Orientation to time was assessed using several questions from the Benton Orientation Task (11, 12) . As the Orientation task produces non-normal data and does not have associated ageadjusted norms, patients were either coded as oriented to time (score > −2), or non-oriented. The Rey Auditory Verbal Learning Test [AVLT (13) 
Language
Language was assessed with the Boston Naming Test [BNT (16) ] and the Controlled Oral Word Association Test (COWAT/ phonemic fluency) (11, 12) . The BNT was utilized to assess confrontation naming abilities using up to 60 different line drawings. The COWAT assessed a participant's phonemic verbal fluency by quantifying the number of C, F, and L words the patient could list, each in 1 min.
Visuospatial
Visuospatial abilities were measured with the Block Design subtest of the WAIS-III (9) and the Rey-Osterrieth Complex Figure Test -Copy Condition (discussed earlier). The WAIS-III Block Design measured three-dimensional visuoconstruction as the participant was asked to construct a pictured design using a set of 4 or 9 identical blocks.
Psychomotor
To assess visuomotor sequencing, Trail Making Test-Part A (17) was utilized. Participants were timed connecting consecutively numbered circles from 1 to 25 as quickly as possible. The WAIS-III Digit Symbol/Coding subtest (9) was also used to measure clerical speed and accuracy; subjects were presented with a symbol-number key and asked to insert the appropriate symbol in as many numbered boxes as possible within 120 s.
Executive Functioning
Patient's executive functions were measured using the Trail Making Test-Part B (17) . This test measures visuomotor setshifting as participants were asked to connect consecutively numbered and lettered circles, alternating number with letter, as quickly as they can (time in seconds). The WAIS-III Similarities (9) were used to measure verbal abstraction as the participant was asked to explain how a pair of words were alike or similar.
Mood
The Beck Depression Inventory (18) or the Geriatric Depression Scale (19) was used to gage evidence of depression. To combine data between tests, patients were coded into three categories: mild to no depressive symptoms, moderate depression, and severe depression.
Core Features
Each patient's chart was examined for evidence of visual hallucinations, reported symptoms of REM sleep behavior disorder (acting out dreams, falling out of bed), and reported symptoms of cognitive fluctuation. Patients who lacked documentation (0 for hallucinations, 3 for REM, and 11 for fluctuations) were not included in analysis of that feature.
statistics
We analyzed our data in two ways. First, we assigned a diagnosis of PDD or DLB to each patient using the temporal criteria and tested if neuropsychological measures differed between the two groups. Neuropsychological data were normalized to age-appropriate norms, and z-transformed to ensure comparable variance. The Mann-Whitney U (non-parametric) was used to test for differences between the groups, as several of the neuropsychological tests were non-normally distributed. p-Values were corrected for multiple comparisons using a false-discovery-rate approach; we present both values to aid in interpretation. A Bayes factor was calculated to express confidence in the null hypothesis. Second, we used a linear mixed effects model to account for variance in the timing of motor diagnosis vs. dementia on neuropsychological testing (lmer from the lme4 package in R). Because the CMI was non-normal, we used a Box-Cox transformation to convert it to a normalized distribution. To compare the two clinical samples, PDD and DLB, independent sample t-tests were conducted on age at time of neuropsychological testing and years of completed education. Chi-square analysis was used to analyze categorical measures, including sex, handedness, orientation, and depression. resUlTs According to DLB consortium criteria, there were 22 patients with DLB and 25 patients with PDD (2). Age, education, and demographic characteristics are represented in Table 1 . The mean age of our patients was 71.5 ± 6.6 years for PDD vs. 72.3 ± 6.0 years for DLB. In our sample, PDD patients tended to be slightly more educated than DLB patients (p = 0.02, pFDR = 0.19). There was a trend toward increased visual hallucinations/illusions in DLB (82% of DLB and 60% of PDD, p = 0.10). Cognitive fluctuations and symptoms of REM sleep behavior disorder were also more prevalent in DLB in our sample (Figure 1) . However, in all cases, there was no statistical significance in core features between groups. We found no reliable neuropsychological differences between PDD and DLB patients (Figure 2; Table 2 ). Notably, Trails B appeared different between groups on uncorrected hypothesis testing (p = 0.01), but this did not survive false-discovery-rate (FDR) correction (pFDR = 0.18). One approach to quantify the evidence for a hypothesis is the Bayes Factor (20), which is derived from a calculation of the probabilities of the null hypothesis and an alternative. Values around 0.3 provide moderate evidence for the null hypothesis that there is no difference between PDD and DLB, whereas values >1 provide evidence to reject the null hypothesis. Most Bayes Factor differences between PDD and DLB were far below 1, with Trials B close to 1 (i.e., no evidence). Taken together, these data do not support the idea that PDD and DLB consistently differ in neuropsychological performance. Secondly, the critical feature differentiating DLB from PDD is the timing of motor vs. cognitive symptoms. To analyze if the temporal profile of symptom onset accounted for a significant degree of the variance in neuropsychological performance, we used linear mixed effects models controlling for age and education. Again, we could find no significant explanatory variables (Table 3) , although there was a trend for Trails B (p = 0.02; pFDR = 0.09). Of note, regression was only conducted on selected variables with the most explanatory power [Trails B, word reading, AVLT (delayed), Digit Span, and Logical Memory 1 (immediate)]; other tests explained minimal variance and were excluded. Taken together, these data suggest that neuropsychological performance was similar between DLB vs. PDD and was not explained by the relative timing of motor vs. cognitive diagnosis. 
DiscUssiOn
We investigated if PDD and DLB had distinct neuropsychological profiles. We compared neuropsychological performance between PDD and DLB and found few consistent differences. Furthermore, the key differentiating factor between PDD and DLB is the relative timing of motor onset of disease vs. dementia; we found that this variable also did not explain neuropsychological performance. These data provide evidence that PDD and DLB may be on a spectrum rather than two separate entities. Because these two conditions already share overlapping symptoms and pathophysiological features such as the aggregation of alpha-synuclein, these data provide further evidence that PDD and DLB may be clinical manifestations of the same disease. Our study is distinct in using one key feature, the relative temporal onset of motor vs. cognitive symptoms, to compare neuropsychological data between PDD and DLB patients. While to the best of our knowledge, no other study has evaluated the correlation between CMI and neuropsychological profile, prior studies have attempted to determine differences in neuropsychological profile between groups divided by similar temporal rules. Despite strictly limiting PDD cases to those with long-standing Parkinson's disease, most studies have not found reliable differences in neuropsychological function between PDD and DLB (3, 21, 22) . A recent meta-analysis provided no statistical evidence for differences in neuropsychological profile between the groups (23). However, the topic still remains under debate as some studies have found differences. For instance, Aarsland et al. (5) found no differences between PDD and DLB on a dementia rating scale in measures of attention, initiation, construction or memory but did see a difference in a measure of conceptualization in the mild-moderate dementia subgroup. Filoteo et al. (24) found differences in verbal learning and memory, with DLB patients performing worse. However, only the DLB patients were diagnosed pathologically, and some were found to have concomitant Alzheimer's disease pathology that may have contributed to their deficits. Furthermore, the majority of these pathologically defined DLB patients were initially diagnosed as Alzheimer's disease, and therefore may represent a different population of Lewy body pathology. A small study by Mondon et al. (25) showed decreased performance in a DLB group on visual object recognition. The patients in the PDD group in this study were required to have parkinsonism for at least 6 years before diagnosis of dementia. Interestingly, a study by Janvin et al. (26) classified different cognitive profiles, such as subcortical and cortical, in a group of DLB/ PDD patients. They found various cognitive profiles within each group, but the frequency of each was similar between PDD and DLB groups.
In our study, we found no significant differences between the groups. PDD patients had worse scores on Trails B, a measure of executive function, but the difference did not survive correction for multiple comparisons. While it is possible this difference might be significant with larger sample size, on average, both groups showed severe deficits in this area (>3 SD below mean), suggesting the overall cognitive profile is similar. Given the severity, it would be interesting to see if pathological data would better explain the variability in this test.
Patients with later cognitive onset (PDD patients) showed a trend toward greater education (total years) and higher scores on word reading (a measure of premorbid education). While our sample is not large enough to draw conclusions in this area, there is early evidence in the literature that cognitive reserve may be protective against dementia, potentially leading to delayed dementia diagnosis (27) . This hypothesis warrants further evaluation in the future.
Taken together, these studies suggest that if there are different cognitive profiles within DLB/PDD, the current method of clinically dividing patients by temporal onset is not reflective of these differences. It is unclear if further mechanistic detail, such as measurements of cortical alpha-synuclein pathology, cortical function via EEG or fMRI, or neurotransmitter levels will contribute to separating PDD vs. DLB (28) (29) (30) (31) .
Beyond cognitive function, prior studies also have found no differences when comparing autonomic dysfunction (32) , degree of parkinsonism (33) or neuroleptic sensitivity (34) . Some studies have found distinctions in core features of the disease, such as greater visual hallucinations and fluctuations in attention in DLB (35, 36) , and reduced levodopa responsivity (37) . In each case, however, there is considerable overlap. For example, studies show 33-55% of DLB patients do display response to levodopa (37, 38) , further complicating clinical efforts to separate PDD vs. DLB, and suggesting DLB patients should not be denied a trial of this medication.
Prior studies have shown hallucinations are more common in DLB compared with PDD patients (76 vs. 54%), when patients are divided based on consensus criteria and postmortem autopsy data (35) . This is in line with our data showing evidence of hallucinations in 82 vs. 60% of patients with temporally defined DLB and PDD. Visual hallucinations may develop due to accumulation of Lewy pathology in the cortex and thus be more prevalent when cognitive symptoms occur earlier. Alternatively, visual hallucinations, being prominent and easy to identify, may lead to earlier diagnosis of dementia, and therefore the temporal diagnosis of DLB.
In our study, 67% of DLB patient and 43% of PDD patients reported symptoms suggestive of REM sleep behavior disorder, with no significant difference between the groups. These ratios are comparable with a previous study, which reported 74% in DLB and 58% of non-demented Parkinson's patients (39) . To the best of our knowledge, REM sleep behavior disorder rates in DLB and PDD patients have not previously been directly compared (40, 41) .
There are pathological criteria for Parkinson's disease and DLB, with the pattern of brainstem, limbic and neocortical Lewy bodies being a key factor (2, 42) . Revisions to the diagnostic criteria for DLB have improved sensitivity and specificity of clinical diagnosis since the original 1996 criteria, with one recent study showing sensitivity of 70% and specificity >90% for diagnosing DLB using the 2005 consensus criteria (42, 43) .
While some studies show an association between cognitive decline and cortical synuclein aggregation, the complete picture is more complex, potentially including synergistic association with other aggregated proteins (44) . However, to the best of our knowledge, no study has correlated tissue-level diagnosis with detailed neuropsychological profiles or the relative timing of onset of symptoms. Future studies might consent patients at the time of diagnosis, and follow their neuropsychological profile until the time of autopsy.
Importantly, in our study, we found that the interval between the diagnosis of parkinsonism and dementia did not fall into two well-defined categories. This is a major difference compared with previous studies, which by design excluded intermediate cases. For example, Aarsland et al. (5) strictly limited PDD cases to those with tremor and levodopa responsivity and DLB to patients with known postmortem diagnosis. In their study, the mean interval between PD and PDD diagnosis was 12 years. This strategy leaves out intermediate cases that represent the spectrum of the disease and common patients seen in clinic. Narrowly defined studies help increase sensitivity, but may not be generalizable. The average CMI in our study in the PDD population was 7.9 years, ranging from 1.06 to 23 years. Future studies at alternate sites, for example community clinics, could help determine if this spectrum of CMIs also exists outside of a tertiary referral center.
A significant limitation in our study is the fact that both PDD and DLB are diagnosed purely clinically based on retrospective chart review. Beta-amyloid is often found concomitant with alpha-synuclein, with different degrees of overlap increasing clinical uncertainty (2) . While pathological and other ancillary data might help clarify our diagnostic effort, our data strongly indicate clinical and neuropsychological data are not enough to distinguish between groups and suggest that temporal onset alone is not sufficient for a clinician to predict and counsel on future symptoms, such as risk of hallucinations or a particular cognitive profile.
Another key limitation is sample size. These patients represent all of the patients who met criteria at the University of Iowa, a major medical center in the central United States, and had high-quality neuropsychological testing. Sample size might be increased by expanding the number of sites. Increasing sample size and power could potentially bring out small differences, but the overall similar cognitive profiles between these groups would make this effort challenging and unlikely to be clinically useful. We are also limited in our ability to precisely identify motor symptom and dementia onset, as patients or families often have motor or cognitive complaints years before the patient presents to clinic. Future studies might address this issue prospectively with objective metrics to study if relative cognitive and motor onset clarifies any differences between PDD and DLB. These studies might also use more targeted neuropsychological tests on inhibition, reasoning, or planning, and other assessments of mood such as delusions, or impulse-control disorders. Furthermore, studying the correlation between CMI and ancillary tests, such as MRI, PET, or CSF studies, may improve understanding of why some patients have Parkinson's disease for years before onset of cognitive symptoms. Clarifying this issue has clinical relevance as some medications are approved for one disease or the other. Understanding whether these diseases are distinct, or in fact, exist as a spectrum is essential for patients and their families, as well as future research.
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